In 1986, the study of the genetic content and the expression of trypanosomatid kinetoplast DNA (kDNA) revealed the existence of an extraordinary form of transcript maturation called 'RNA editing 's, which involves insertions and, less frequently, deletions of uridylate (U) residues. In the ten years that have followed, many examples of kinetoplastid nat transcript editing have been described, ranging from the insertion/deletion of a limited number of Us in one or two small regions of the transcript to massive or 'pan'editing, which converts nonsense into complete reading frames (for reviews, see . In addition, other forms of RNA editing involving insertion/conversion of other nucleotides have been discovered, suggesting that processes that post-, and even co-, transcriptionally alter RNA sequences are widespread ~3. In most cases, RNA editing plays an essential role in gene expression (see Box 1 for a glossary of terms used).
The puzzle of the origin of the genetic information for kRNA editing has been resolved by the discovery of guide RNAs (gRNAs) M (see Box 2 and Fig. 1 ), and several models explaining how information is transferred from gRNA to pre-edited RNA have been proposed 9 12 . It is only recently, however, that in vitro assay systems for kRNA editing have been developed and models have been put to the test '5-*s. An enzymatic cleavage/ligation ('cut-and-paste') model appears to be the most likely. In spite of this progress, it is still unclear why this extra step in the expression of kinetoplastid lnt genes has evolved.
From scattered genetic information to reading frames
The structure of trypanosomatid kDNA is unique. It consists of a single network of thousands of catenated circular DNAs of two size classes: minicircles of 0.9-2.5 kb (depending on the species), which are heterogeneous in sequence and account for the major portion of the network, and 20-50 homoplasmic maxicircles with an interspecies size variation of [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Mt gene expression appears to be a collaborative effort by both maxicircles and minicircles (see Box 3 and Fig. 2) , in which the target pre-edited RNAs and a few gRNAs are maxicircle-encoded and the majority of the gRNA genes are found in minicircles 9-1-'. The coding region of the maxicircles in the three trypanosomatid species is similar in size and gene organization (Fig. 3) ; differences in maxicircle size result from the presence of a varying number of species-specific tandem repeats in the 'variable' region. The overall structure and gRNA gene content of the minicircles of the species studied 
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Box 2. The guide RNA paradigm RNA editing requires a high level of accuracy because insertion/ deletion of the wrong number of uridylates (Us) could produce an untranslatable, frame-shifted mRNA. In 1990, a major breakthrough was achieved with the discovery of short (40-70 nt) RNAs, all containing a sequence that is complementary to an edited mRNA segment 14. In addition to Watson and Crick base pairing, the complementarity frequently involves G-U pairs, which precludes a conventional template function for these RNAs. Therefore, they were called guide RNAs (gRNAs). Comparison of different gRNAs revealed the presence of a few common structural elements (Fig. 1) , which provided the clues to gRNA function on which early models were based 9-14. In the 5' region they all contain a so-called anchor sequence that can basepair with a pre-mRNA immediately 3' of an editing region. It was envisaged that the annealing of the anchor to its complement represents the first step of the editing process. Recently, the anchor-sequence-dependent involvement of gRNAs in editing has been directly demonstrated in in vitro systems using mitochondrial (mr) extracts of Trypanosoma brucei and synthetic pre-mRNA and gRNA variants 1~-18. Immediately 3' of the anchor, a sequence is located that is complementary to an edited region of a mRNA. This region specifies the pattern of deletions and insertions; in other words, it contains the 'information' for editing ls-~8. The third domain is an oligo(U) extension of 5-24 residues at the 3' terminus of the gRNA, which is probably added post-transcriptionally by mt terminal uridytyl transferase (TUTase) 9-12,~4.19. The U tail may provide extra stability to the gRNA-pre-edited RNA duplex during editing.
Site selection with the aid of gRNAs is not unique to trypanosome editing because in other RNA-based transactions the same principle appears to be used. In some vertebrate and invertebrate mRNAs, adenosine residues that are converted to inosines by deamination are selected via intramolecular basepairing with other sections of the pre-mRNA (reviewed in Ref. 20) . In addition, mispairing in tRNA stems is corrected by editing events that result in the incorporation of the correct base (nucleotide) 2.. Last, but not least, the sites of 2'-O-ribose methylation in ribosomal RNAs are determined by basepairing with small nucleolar gRNAs (Ref. 22 ). , Pre-edited RNA are shown in Fig. 3c (see 25, 26) . The number of gRNAs encoded in each minicircle varies between species: Trypanosoma cruzi (four), T. brucei (three or rarely four), L. tarentolae and C. fasciculata (one). In L. tarentolae, 60 of an estimated 80 gRNA genes have been cloned and sequenced 24. In T. brucei, -70 of the expected 200-250 classes of gRNA have been identified 9-12, the degree of minicircle sequence heterogeneity being more than sufficient to harbour all of the gRNAs required for editing. In the cryptobiid T. borreli, the kDNA is not organized in a network structure s,6, and gRNAs are encoded by DNAs of 200 and 170 kb (Refs 6,7).
The 9S and 12S mt ribosomal RNAs are unedited, although both RNAs are equipped with a 3' terminal oligo(U) extension 2~. In contrast, only four of the 18 protein genes of the trypanosomatid maxicircle encode RNAs that do not require editing and are functional as such (Fig. 3a , see . These include maxicircle unassigned reading frame 1 (MURF 1), cytochrome c oxidase subunit 1 (cox1) and NADH dehydrogenase subunits 4 and 5 (ND4; ND5). The analysis of transcripts of apparent pseudogenes that contain a frame shift (e.g. cox2 RNA; Ref. (Fig. 3b) . The most spectacular type of editing, however, is that of the panedited transcripts that are created by massive editing in more than a hundred sites over the entire length of the RNA, a process that converts cryptic information to complete reading frames (see Boxes 2,3 and Fig. 2 ). The first example of this type of editing was the T. brucei cox3 transcript 29, where identification was facilitated by the fact that cox3 RNA displays only limited editing in L. tarentolae and C. fasciculata; thus, these almost completely 'edited' (i.e. recognizable) cox3 gene versions could be used as a probe to clone a T. brucei cox3 cDNA. The halhnark of the cryptic genes from which the pre-panedited RNAs are transcribed is a high G content (>40%) in the RNA strand, a feature that was used as a diagnostic tool for their identification (hence the term G-cryptogene, Fig. 3 ). In T. brucei, a total of nine panedited RNAs have been found 9-12. In L. tarentolae, the number of panedited RNAs is reduced to six 8q 1' 24 because, apart from cox3 RNA, ND7 and ATPase6 RNAs (panedited in T. brucei) show limited editing.
The search for extensively edited RNAs in L. tarentolae was hampered by the fact that the strains that were studied initially had lost the ability to produce all but one of the panedited RNAs during the -50 years that they had been cultivated in the lab. Only G6-derived edited RNA was found, encoding ribosomal protein $12 (RPS12). In a strain recently isolated from the wild, however, the six panedited RNAs mentioned above were present >. During cultivation, many minicircle classes were lost, resulting in a much smaller complement of minicircle-encoded gRNAs and loss of editing ability. This not only means that editing is a labile genetic trait that is easily lost but also that the products of five of the six panedited RNAs are not essential for L. tarentolae under the conditions of cultivation. Owing to a marginal degree of sequence similarity, the identification of the proteins in question is not yet conclusive, but it has been suggested that some of them may be subunits of a complex I-type NADH dehydrogenase (ND3, NDd, ND9) 9 12. In line with the hypothesis that ND subunits are not required in cultivated trypanosomatids, we have recently shown that a typical complex I-type NADH dehydrogenase is absent in cultured C. fasciculata 3°. Interestingly, other RNAs encoding ND subunits are also untranslatable in cultured trypanosomatids. ND7 RNA lacks an in-frame translational initiation codon in both L. tarentolae and C. fasciculata, in which it is edited in two small regions by maxicircle-encoded gRNAs, whereas (unedited) ND1 RNA suffers from the same defect in C. fasciculata and T. brucei 9<2. Apparently, in trypanosomatid mitochondria, gene expression is rapidly shut down in the absence of selective pressure not only via the loss of minicircles but also by mutations that accumulate in maxicircle genes.
The mechanism of RNA editing
The fact that trypanosomatid mtRNAs are edited at internal sites implies that at some stage the RNA ribose-phosphate backbone has to be cleaved, followed by the addition and/or removal of Us and resealing of the RNA strand. The first model for editing that was developed after the discovery of gRNAs assumed that these steps were carried out by enzymes, whose involvement in editing was inferred from suggestive properties and their (sometimes assumed) presence in mitochondria. This 'enzyme cascade' model 9-~2J4, outlined in Fig. 4 , proposed the following consecutive steps: (1) editing site selection by the formation of the anchor duplex (see Box 1 and Fig. 1 ), (2) pre-edited RNA cleavage at the first mismatch immediately 5' of the gRNA-pre-edited RNA duplex by endonuclease(s) and (3) U addition to the newly
Box 3. Multiple genes encode one protein
Panediting of a transcript requires the sequential action of a large number of guide RNAs (gRNAs). A model for this is derived from the analysis of the editing of the RPS12 transcript of Leishmania tarentolae, for which a complete set of gRNAs has been identified 9 z2.23( Fig. 2) . A region between the most 3" editing site and the poly(A) tail, which remains unedited in the mature mRNA and contains the target for anchor duplex formation with the first gRNA, is crucial for the initiation of panediting. This initiator gRNA directs the editing of the most 3" sites in the pre-mRNA, thereby creating the target sequence for anchor duplex formation with the second gRNA. This results in the consecutive action of gRNAs in a 3' to 5' direction until editing is completed. This model is strongly supported by the relatively abundant presence in trypanosomatid mitochondria of partially edited transcripts with the edited portion in the 3' part 9-t2. In L. tarentolae RPS12 and other transcripts, panediting occurs in separate, independent domains, each with a 3' to 5' polarity. Fig. 2 shows the highly unconventional mode of expression of 'panedited' genes in trypanosomatids, in which the information for a protein-coding sequence is scattered all over the mtDNA. The maxicircle gene only contains the information for the G-, A-and Csequence of the mature mRNAs, the U sequence being determined by editing with the aid of gRNAs encoded (mostly) by minicircles. generated 3' end of the 5' cleavage product by 3' terminal uridylyl transferase (TUTase) and UTP (insertion), or removal of U(MP) by a 3' exonuclease (deletion) and rejoining of the two RNA moieties by RNA ligase.
A second model, proposed shortly afterwards ~1, was based on the observations that gRNAs possess a 3' oligo(U) tail >, and that chimeric molecules, in which a gRNA is covalently linked via this oligo(U) tail to an editing site of pre-edited RNA (Ref. 31) , exist in mtRNA. This and similar models 32 envisaged that chimeric molecules could be intermediates of an editing process in 
Trypanosoma brucei Leishmania tarentolae
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Crithidia fasciculata Trypanosoma cruzi which the gRNA oligo(U) tail serves as a U donor (insertion) or acceptor (deletion) in two successive transesterification reactions (for discussion, see 31, 32 tarentolae, but recent reports describe both gRNA-dependent and gRNAindependent U-insertion activities, the characteristics of which support the model outlined in Fig. 4  (Refs 33-35 ).
Other features of gRNA functioning in this enzyme cascade model were experimentally verified in the in vitro systems. First, gRNAs were rendered ineffective by deletion of the anchor sequence, illustrating its importance in selecting the editing sites. The primary function of the gRNA-preedited RNA interaction could be to direct the endonucleolytic cleavage of the pre-edited RNA phosphodiester bond 5' of the duplex. Subsequently, the number of Us inserted or deleted in a given site is specified by the sequence of the informational domain of the gRNAs. It can be changed in a predictable fashion by alterations in the gRNA and/or pre-edited RNA sequence. However, the gRNA sequence does not specify the number of Us to be added to or deleted from the 5' cleavage product, as 5' RNAs with a varying number of Us are found. The exact number of Us is probably determined at the ligation step when a 5' RNA with the correct number of Us is selected by basepairing with the gRNA, resulting in the correct juxtaposition with Editing is initiated by duplex formation between a guide RNA (gRNA) anchor sequence and a region immediately downstream of an editing site in its cognate pre-edited RNA. A secondary basepairing interaction may occur between the gRNA U tail and a purine-rich sequence 5' of the editing site in pre-edited RNA. The pre-edited RNA is then cleaved by endonuclease(s) at the editing site, leaving a 5' phosphate at the 3" cleavage product and a 3' hydroxyl at the 5' cleavage product. Us directly derived from UTP are added to the 3" terminus of the 5' cleavage product (insertion), probably catalysed by terminal uridylyl transferase (TUTase). or removed (deletion) by 3' U-specific exonuclease. After insertion or deletion of the appropriate number of Us, the 5' and 3' cleavage products are optimally juxtaposed by base pairing with the gRNA and are joined by RNA ligase.
the 5' end of the 3' cleavage product for ligation to occur. During these transactions, the pre-edited RNA cleavage products may be kept together by basepairing of the gRNA U tail to a purine-rich sequence that is present upstream of most editing sites, as a pre-edited RNA containing a small editing region from ND7 RNA from C. fasciculata, which lacks such a purinerich region, could not be edited in vitro. This emphasizes that not all of the details of the editing process have been fully elucidated, as C./asciculata ND7 RNA is efficiently edited in vWo ~6. Chimeric RNAs may be generated as side products at the ligation step when, instead of the 3' hydroxyl of the 5' cleavage product, the 3' hydroxyl of the gRNA U tail is ligated to the 3' cleavage product. Fig. 4 shows the editing of a hypothetical singlesite RNA but, in reality, editing regions contain many more sites, requiring multiple cycles of the same sequence of events; each cycle is initiated by cleavage of the partially edited RNA at the next editing site, directly 5' of the extending gRNA-pre-mRNA duplex. However, it should be realized that the in vitro systems are not very efficient because only one editing cycle is completed in a few percent of the added substrate RNAs (in L. tarentolae the efficiency is lower). This means that the exact order in which the sites of a region are edited cannot be determined yet. Nevertheless, the location of the in vitro cleavage sites predicts a strict 3' to 5' order of editing site selection during multiple cycles.
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Questions for future research
• What does the editosome look like and what is the mechanism of editing? The contours of the editing mechanism and the machinery that is operative are beginning to emerge now that in vitro systems for editing have been developed. It is clear, nevertheless, that many aspects of editing in vivo have yet to be elucidated.
• What is the evolutionary origin of editing? The discovery of editing in T. borreli and other bodonids suggests that editing has been present in the kinetoplast lineage for more than 500 million years s,6,49. However, as it has not (yet) been found outside the kinetoplastid lineage, it is not known how 'old' RNA editing really is.
The search for editing in other species should continue therefore.
• What (if any) is the function of RNA editing? It has been speculated that RNA editing is an RNA-repair mechanism to compensate for DNA mutations. Alternatively, it may increase genetic flexibility by allowing the production of multiple proteins from one gene or by providing an extra level of regulation of gene expression 9 z2 • How is RNA editing regulated? Very little is known of the signals that regulate the transcription/stability of maxi-and minicircle RNAs. The available evidence suggests that gRNAs are constitutively produced, even in life cycle stages in which its target RNA is not edited. This could mean that the editing of a particular transcript is not regulated by the concentration of the corresponding gRNAs, but the monumental task of measuring the concentration of all of the gRNAs involved has not yet been completed 9 ~2.
Proteins involved in editing
Although formal proof is still lacking, an impressive amount of evidence supports the inferred role in editing of site-specific endonuclease(s), TUTase and RNA ligase. First, following glycerol gradient analysis of mt extracts from T. brucei, the relevant enzymatic activities were found to (co-)sediment in a broad peak at 20-40S in fractions that also contained gRNA (Refs 37- These results indicate that an 'editosomal' complex containing the proteins directly involved in the U insertion/deletion process with only a few others appears to be sufficient to achieve editing in vitro. As the efficiency of the in vitro systems is low, this may not be the whole story, and efficient editing in vivo may use more proteins. These could be involved in correct folding of the participating RNAs, the assembly of gRNApre-mRNA duplexes, duplex disassembly to make edited mRNAs available for translation (indeed a helicase was recently described in T. brucei43), the ordered 'coming and going' of gRNAs and the overall regulation of editing. For this reason, several groups are studying the characteristics of proteins that have affinity for gRNA and pre-edited RNA (Refs 44-48) in UV crosslinking and/or gel retardation analysis. Some of these proteins have been purified and their cloning is underway, but a specific role in editing has not yet been assigned to any of them.
Conclusions and prospects
Despite the progress that has been made during ten years of RNA editing research, the question of why kinetoplastid RNA editing (or other forms of RNA editing 13) exists is hard to answer. It may have developed as an RNA repair mechanism to compensate for genomic mutations 49 or it could serve to increase genetic flexibility; for example, as an extra control point for gene expression or as a means to produce multiple proteins from a single cryptogene 9-1-'. There is no evidence to support any of these possibilities. In fact, even formal proof that edited RNAs are used by the translational machinery is lacking because kinetoplastid mt proteins have not yet been sequenced. An ongoing search for editing in other organisms, such as Euglena, archaebacteria or (>proteobacteria (the closest bacterial relatives of mitochondriaS2), and the unravelling of the molecular details of the mechanism may prove essential to obtain further clues to the evolutionary significance of this process. In all studies, the in vitro editing systems will continue to play a crucial role, the primary aim being to increase efficiency so that more than one cycle of editing and panediting with multiple gRNAs can be studied. Undoubtedly, this will involve the painstaking development of purification procedures for labile and/or low abundant proteins and protein-RNA complexes. Now that efficient transfection of trypanosomatids is routine s3''~4, the final test for the model in Fig. 4 , or for any other model, has to be performed in vivo with cloned genes of candidate editing factors. There is no reason to believe that the next ten years of RNA editing will be less exciting than the first ten.
